The emergence of Mycobacterium tuberculosis resistant to first-line antibiotics has renewed interest in second-line antitubercular agents. Here, we aimed to extend our understanding of the mechanisms underlying para-aminosalicylic acid (PAS) resistance by analysis of six genes of the folate metabolic pathway and biosynthesis of thymine nucleotides (thyA, dfrA, folC, folP1, folP2, and thyX) and three N-acetyltransferase genes [nhoA, aac(1), and aac(2)] among PAS-resistant clinical isolates and spontaneous mutants. Mutations in thyA were identified in only 37% of the clinical isolates and spontaneous mutants. Overall, 24 distinct mutations were identified in the thyA gene and 3 in the dfrA coding region. Based on structural bioinformatics techniques, the altered ThyA proteins were predicted to generate an unfolded or dysfunctional polypeptide. The MIC was determined by Bactec/Alert and dilution assay. Sixty-three percent of the PAS-resistant isolates had no mutations in the nine genes considered in this study, revealing that PAS resistance in M. tuberculosis involves mechanisms or targets other than those pertaining to the biosynthesis of thymine nucleotides. The alternative mechanism(s) or pathway(s) associated with PAS resistance appears to be PAS concentration dependent, in marked contrast to thyA-mutated PAS-resistant isolates.
The discovery of the antitubercular activity of para-aminosalicylic acid (PAS) by Lehmann in 1943 (15) was followed by two successful clinical trials conducted in 1944 and 1949 (16, 31) . These breakthroughs, combined with the almost simultaneous discovery and introduction of streptomycin (STR), brought much hope in the fight against tuberculosis (TB) (22) . The initial success was soon thwarted by the emergence of PAS and STR resistance. This was overcome by coadministering PAS and STR, resulting in the advent of combination therapy (19) . In 1951, isoniazid was added to anti-TB regimens until the mid-1960s. Although including PAS combination therapy proved efficacious, side effects attributed to PAS were documented as early as 1951 (6, 25) . In addition to PAS-associated gastrointestinal toxicity, elevated and repetitive dosing complicated therapeutic regimens. PAS therapy was discontinued after the introduction of rifampin (rifampicin) and pyrazinamide. PAS was reintroduced in the United States in 1992, following several outbreaks of multidrug-resistant (MDR) isolates (4) . Since then, the need for new antibiotics for the treatment of MDR TB has led to the development of novel formulations of PAS, which have proven to be less toxic (5) .
Today, PAS is used primarily as a second-line drug to treat MDR TB (34) .
PAS has structural similarities to sulfonamides. Sulfonamides are structural analogues of para-aminobenzoic acid, the substrate of dihydropteroate synthase (encoded by folP1/ folP2), and hence function as competitive inhibitors. FolP1 and its putative homologue FolP2 catalyze the condensation of para-aminobenzoic acid and 6-hydroxymethyl-7,8-dihydropterein pyrophosphate to 7,8-dihydropteroate, which is converted to dihydrofolate and reduced to generate the cofactor tetrahydrofolate (THF) by the enzyme dihydrofolate reductase (encoded by dfrA) (Fig. 1) . Unlike the actions of some sulfonamides or analogues in other pathogens, the PAS-inhibitory activity of folP1 has proven to be unexpectedly poor in vitro (24) . More recently, Rengarajan and colleagues (26) , using transposon mutagenesis, have shown that PAS resistance is associated with mutations of thymidylate synthase A, encoded by the thyA gene and required for thymine biosynthesis in the folate pathway. This result implies that PAS functions as a folate antagonist, a suggestion supported by the identification of mutations within the thyA coding region in PAS-resistant (PAS r ) clinical isolates (26) . ThyA catalyzes the reductive methylation of dUMP to yield dTMP, required for de novo dTTP synthesis (12) . ThyA requires the 5,10-methylene THF cofactor both as a reductant and as a carbon donor in the methylation reaction. The presence of the thyX gene, encoding a functional homologue of thymidylate synthase but with the clear distinction that it utilizes flavin adenine dinucleotide as a cofactor instead of THF, in the Mycobacterium tuberculosis genome is noteworthy (8) . Although ThyX utilizes flavin adenine dinucleotide as a cofactor, it still requires 5,10-methylene THF as the methyl donor. It is hypothesized that the bacteriostatic activity of PAS results from perturbation of the folate pathway, although the underlying mechanism has yet to be elucidated (26) .
Here, we set out to investigate the mutations associated with PAS resistance in a collection of well-characterized M. tuberculosis clinical isolates and PAS r spontaneous mutants. Five genes, thyA, dfrA, folC, folP1, and folP2, encoding enzymes of the folate pathway; thyX, encoding an alternative thyminebiosynthetic enzyme; and three N-acetyltransferase genes possibly associated with the modification of PAS were analyzed. To better understand PAS resistance, the identified mutations were correlated with MICs and the protein three-dimensional (3D) structure. The structural stability was modeled for all mutants. To our surprise, only 37% of the PAS r clinical isolates or spontaneous mutants encoded mutations in enzymes of the folate pathway, indicating that other mechanisms associated with PAS resistance have yet to be elucidated.
MATERIALS AND METHODS
M. tuberculosis laboratory reference strains. The laboratory PAS r mutant and PAS-susceptible (PAS s ) H37Rv strains were used as positive and negative controls, respectively (Table 1) (3, 29, 30 (Table 1) . These PAS r clinical isolates were selected for their genetic diversity and as representatives of the nine major M. tuberculosis phylogenetic clusters as determined by Gutacker et al. (10) . In addition to the 26 diverse clinical isolates, representative samples from three strain clusters (related isolates belonging to the M. tuberculosis genotypes P, AB, and AU) associated with three unrelated MDR outbreaks in New York City (2, 21) were also analyzed. Representative P strains comprised 15 MDR-PAS r and 1 MDR-PAS s isolates. Three PAS r and one PAS s AB isolates and five AU clustered strains were analyzed. The AU isolates were MDR and polyresistant, but only one isolate had a PAS r phenotype (2) . All of the isolates were typed by multiple genetic techniques in order to establish their genetic diversity (unrelated clinical isolates) or relatedness (clustered clinical isolates). The nomenclature used for the classification of the strains was based first on IS6110 restriction fragment length polymorphism patterns, followed by other genotyping techniques as described elsewhere (Table 1) (18) .
Selection of spontaneous PAS r mutants. Spontaneous mutants resistant to PAS were selected on 7H11 plates containing 16 g/ml of PAS (Sigma). To avoid strain bias, spontaneous mutants of eight well-characterized clinical strains (W4, J, CDC1551, OO6, BE, AF AU, and AI) were used. The protocol for selection of spontaneous mutants was adapted from Luria and Delbruck (17) and Morlock et al. (20) . Briefly, for each of the eight strains, a sample was cultured under standard conditions in Sauton medium for 3 weeks, the bacterial density was adjusted to an optical density at 600 nm of 1.2 (approximately 7.2 ϫ 10 7 CFU/ ml), and bacteria were inoculated into 220 individual tubes (5 ml Sauton broth each; no antibiotic) for 32 days and plated in toto on 7H11 plates containing 16 g/ml PAS. Colonies were picked and subcultured in the presence of various concentrations of PAS for determination of the MIC, followed by DNA extraction and stocking. Only a single colony per plate was picked for this study.
Sequencing drug target regions. The loci including the folP1 (Rv3608c), folP2 (Rv1207), thyX (Rv2754c), dfrA (Rv2763c), and thyA (Rv2764c) genes and the corresponding 100 nucleotides (nt) upstream were sequenced in both directions for all isolates. The putative bifunctional M. tuberculosis dihydrofolate synthetase-folylpolyglutamate synthetase gene, known as folC (Rv2447c), was sequenced in 12 PAS r isolates that did not include any other mutations in genes of the folate biosynthetic pathway. Three additional genes were further sequenced in five of these PAS r isolates, including the arylamine N-acetyltransferase gene, nhoA (Rv3566c); the aminoglycoside 2Ј-N-acetyltransferase gene, aac(1) (Rv0262); and the aminoglycoside N-acetyltransferase (GCN5-related N-acetyltransferase) gene, aac(2) (Rv1347c). A complete list of the sequencing primers can be found in Table S1 in the supplemental material. Amplicon sequencing was outsourced.
MIC. The MICs of all the clinical strains and spontaneous mutants were determined by the agar dilution method and BacT/Alert 3D system (bioMérieux, France). Briefly, samples (10 7 CFU/ml; diluted 1:100; 100 l plated) were plated simultaneously on 7H11 plates containing 0, 16, 32, 64, and 128 g/ml of PAS, and the colony formation was tabulated. Likewise, MICs were determined using the BacT/Alert 3D system as recommended by the supplier. Finally, bacillary growth was monitored spectrophotometrically (optical density at 600 nm) every 72 h for 32 consecutive days in triplicate. Growth curves were determined for four to six strains per group, including clinical isolates (n ϭ 6), spontaneous mutants with an early stop codon in the thyA gene (n ϭ 2) or with other mutations within the thyA gene (n ϭ 6), and PAS r isolates including wild-type genes in the folate and pyrimidine biosynthesis pathway (n ϭ 6). Growth curves were done on 7H9 broth in the presence of 0, 16, 32, 64, and 128 g/ml of PAS.
Structural analysis and homology modeling. A 3D model of the M. tuberculosis thymidylate synthase homodimer was built with the automated comparativemodeling program Modeler v8.2 (27) using the very high-resolution X-ray structure of Escherichia coli thymidylate synthase as a homologous protein template (Protein Data Bank entry 2G8O; X-ray resolution, 1.3 Å). The stereochemical quality of the model was evaluated with the procheck-nmr program (14) . The Naccess program (11) was used to identify buried and solvent accessible residues. Residues interacting with the substrate or cofactor were defined using the Ligplot program (33) based on the X-ray structure of E. coli thymidylate synthase, which was cocrystallized with the substrate dUMP and the cofactor 10-propargyl-5,8-dideazafolate, an analogue of THF (23) . Thermodynamic stability changes resulting from a single-site mutation were predicted using the PoPMuSiC web server (13) . This program computes the free-energy difference (⌬G) for a given protein between its folded and unfolded states and evaluates the changes (⌬⌬G) in this unfolding free-energy difference upon mutations. A positive ⌬⌬G indicates that the mutation is predicted to thermodynamically decrease the protein stability. Conversely, a negative ⌬⌬G predicts a mutant protein more stable than the wild type. The magnitude of the predicted ⌬⌬G is also important for estimating the reliability of predictions, as the errors of the PoPMuSiC program are evaluated to be on the order of Ϯ0.3 to 0.4 kcal/mol for mutations of solventaccessible residues and to be on the order of Ϯ1.2 to 1.9 kcal/mol for mutations of buried residues (7) . Finally, at each mutated position, the conservation of wild-type residues and the occurrence of mutant residues were evaluated on an alignment of 279 thymidylate synthase sequences. These sequences were retrieved by a BLAST query (1) and were aligned using the ClustalX program (32) . (Table 2) , and 55 spontaneous mutants (Table 3 ). In total, 118 samples were sequenced (Table 1) . Drug susceptibility profiles were also determined for each isolate. To generate spontaneous mutants, all parental strains were drug susceptible except for a mono-rifampin-resistant AU4718 strain (2) . Mutations in the dfrA, folP1/folP2, and thyX genes are not associated with PAS resistance. Three mutations in the dfrA gene ( 66 S3C, 54 V3A, and 110 C3R) were identified in two clinical isolates that in addition already bore a mutation in the thyA gene (Table 2) . Specifically, strain P-3158 encoded SNP 66 S3C, while P-693 included two mutations in the dfrA gene ( 54 V3A and 110 C3R). No PAS r isolate with a polymorphism only within the dfrA gene was found; consequently, it is not known whether the three dfrA mutations alone contribute to a PAS r phenotype. No mutations were found within the thyX gene or flanking regions in either the clinical isolates or the spontaneous mutants. This gene is also highly conserved (100%) among other M. tuberculosis complex strains (GenBank database; data not shown). Likewise, the folP1 gene and flanking sequences were conserved throughout, while some polymorphisms were noted in the folP2 gene and its upstream region. FolP2 has been listed as a nonessential enzyme by transposon mutagenesis (28) . A single-nucleotide substitution was found upstream from the starting codon of folP2 ( Ϫ19 A3G) in both PAS s and PAS r isolates. This single-nucleotide polymorphism (SNP) is also present in PAS r/s M. bovis and M. bovis BCG. All isolates characterized by this SNP grouped in genetic cluster I (9) and were correlated with a phylogenetic lineage, rather than PAS resistance. The N terminus of the folP2 gene comprises three and a half imperfect 27-nt-long tandem repeats, except for PAS r/s AU strains. All AU strains have lost most of the second repeat while retaining the coding region in frame. The observation that both PAS r/s AU isolates carry this alteration indicates that this mutation is not associated with PAS r , but rather, is a molecular characteristic of AU and related strains. Thus, no mutations within the genes encoding enzymes in the folate and thymine biosynthetic pathway, other than thyA, were correlated with a PAS r phenotype. Additionally, no SNPs were identified in folC (Rv2447c) and three N-acetyltransferase genes, including nhoA (Rv3566c), aac(1) (Rv0262), and aac(2) (Rv1347c).
RESULTS

Polymorphism in the enzymes
Thirty-seven percent of PAS r strains have a mutation within the thymidylate synthase A (thyA) gene. Sequence analysis of the clinical isolates and spontaneous mutants revealed 24 different mutations in the thyA gene, including 4 and 20 distinct polymorphisms in clinical isolates and spontaneous mutants, respectively (Tables 2 and 3 ). It is noteworthy that most polymorphisms found in the clinical isolates and the spontaneous mutants were distinct. Only the most common mutation identified in clinical isolates ( 202 ACC3GCC; 202 T3A) was also identified in a single spontaneous mutant. This SNP was characteristic of all PAS r clinical isolates belonging to two unrelated strain clusters (genotypes P and AB), as well as an additional four strains accounting for six different genotypes altogether (Table 2) , but was not found in corresponding related PAS s isolates. The mutation 91 GGG3GAG ( 91 G3E) was identified in all three laboratory PAS r H37Rv isolates, but not in the PAS s H37Rv/a. The three PAS r H37Rv isolates were generated by Steenken and Wolinsky in the 1950s (30) . Interestingly, a different SNP was identified at the same position ( 91 GGG3AGG; 91 G3R) in a single spontaneous mutant. Other SNPs, deletions, or insertions leading to either stop codons or frameshifts were noted among the spontaneous mutants (Table 3 ). Other polymorphisms in the thyA gene were distributed throughout the gene. Although no "hot spot" drug resistance-determining region within the thyA gene was identified, protein structural predictions indicate that all the mutations recorded reside within essential functional or structural sites, as discussed below (Table 4 ). An unexpectedly high number of PAS r isolates were found to have wild-type genotypes for the enzymes of the folate and thymidine biosynthetic pathways among clinical isolates and the spontaneous mutants. PAS r M. tuberculosis P strains have dual mutations in thyA. Fifteen isolates known to be PAS r and one PAS s isolate belonging to a single cluster known as the P strain family were analyzed. These isolates belong to a larger cluster of over 120 isolates associated with MDR outbreaks in New York City and neighboring states (21) . One isolate sharing the same molecular genotype and resistance phenotype (rifampin and isoniazid resistance) as the other P strains was found to be PAS s and hence was used as a control strain. The 15 PAS r P strains had a characteristic mutation in codon 202 ( 202 T3A) of thyA, and 12 of them had a second mutation in the thyA gene consisting of a single-nucleotide substitution at the termination codon ( 264 TGA3CGA; 264 stop3R) ( Table 2) . A hairpin structure 3 nt downstream from the stop codon could function as a terminator of the mRNA, allowing dfrA transcript initiation. It is unlikely that thyA-dfrA forms an operon. A putative ribosome binding site is present 15 nt upstream from the dfrA gene. Alternatively, an unlikely run-through transcript would result in an extended thyA mRNA overlapping out of frame by 251 nt with the downstream coding region of the dfrA gene. These data suggest that the P strain acquired the 202 ACC3GCC mutation prior to the mutation in the termination codon. Moreover the identification of mutation 202 alone in two closely related P variants (P6 and P23) indicates that these isolates diverged after the acquisition of mutation 202 but prior to the acquisition of the SNP on the termination codon. Two of the double-ThyA-mutant P strains developed secondary mutations on the flanking dfrA gene ( 66 S3C and a double mutation, 54 V3A and 110 C3R, on a second strain), as described above. Predicting the structural implications of the thyA mutations identified. To understand the impacts of the identified mutations on protein function, a 3D homodimer structure of M. tuberculosis thymidylate synthase was modeled based on the X-ray structure of the E. coli thymidylate synthase as a homologous template. M. tuberculosis and E. coli ThyA protein sequences share strong identity (67%) and similarity (83%). The model showed an equivalent resolution of 1.7 Å according to hydrogen bond energy criteria, with no residue found in the disallowed regions of the Ramachandran plot. Analysis of the mutations positioned within the structure model revealed three groups of mutants (Table 4 and Fig. 2) .
The first group (Fig. 2) Y3stop) and three insertion/deletion alterations, including 5-and 2-nt deletions and a 2-nt insertion in codons 11, 72, and 217, respectively, introduce early frameshift. Such modifications are expected to render the enzyme nonfunctional due to the loss of its ternary structure, which harbors many residues of active sites or of cofactor binding sites located within the C-terminal part of the enzyme. A 10th mutation potentially extending the size of the protein by 76 amino acids through the obliteration of the stop codon was also identified in the P clinical cluster. Existing structural data on other bacterial and eukaryotic ThyA enzymes have shown that the C-terminal amino acid has a functional role in catalysis (Fig. 2) .
The second group of mutants contains mutations of amino 
Isolates are ordered by mutation codon number from the N to C terminus. All are PAS r spontaneous mutants with wild-type (WT) thyX, dfrA, folP1, folC, nhoA, aac (1) , and aac (2) 146 C3R forms part of the catalytic site.
The third group encompasses mutations that could destabilize the ternary structure of the ThyA protein (Fig. 2) , rendering the enzyme dysfunctional or less active (26) . Mutants with 15 G3R, 91 G3E, and 91 G3R mutations change glycine residues otherwise conserved among all known thymidylate synthase structures to satisfy conformational restraints. Residues 82 Ala and 183 Leu are completely embedded in the hydrophobic clusters of the protein core. 202 Thr is an amino acid located at the monomer-monomer interface facing the 202 Thr of its counterpart. Therefore, all mutants were predicted to encode destabilizing mutations, according to the positive changes of free folding energy computed by the PoPMuSiC program (Table 4) .
Elevated MICs in PAS r spontaneous mutants and clinical isolates. The MICs of selected clinical isolates and spontaneous mutants were determined by the dilution assay and Bactec/ Alert culture (Table 4) . In a departure from the conventional application of Bactec/Alert for diagnostic purposes, the growth of PAS r samples was followed over a period of 2 weeks in the presence of increasing concentrations of PAS. Samples including mutations within the thyA gene proved to be highly resistant to PAS. This observation was further confirmed by plating the samples at various concentrations of PAS (up to 128 g/ml).
In addition, the growth curves of representative PAS r samples were followed in triplicate over a period of 32 days (Fig.  3) . The growth curve profiles of strains with a mutated ThyA protein, which were found to be equally resistant to increasing concentrations of PAS up to the 128 g/ml tested, were noteworthy, displaying overlap with the corresponding untreated strains. In contrast, the growth of PAS r isolates encoding wildtype proteins of the folate pathway was found to be dose dependent. For these isolates, growth was proportionally inhibited as the dose of PAS was increased, clearly indicating the presence of a different mechanism of PAS resistance.
DISCUSSION
Recently, the thyA gene of the folate pathway was shown to be associated with PAS resistance in M. tuberculosis (26) . In the present study, we analyzed the thyA sequences in 118 strains, including references strains, clinically diverse and clustered PAS r strains, and PAS r spontaneous mutants, and found that only 37% of the samples included a thyA mutation implicated in PAS resistance. The limited association between the PAS r phenotype and mutations in the thyA gene led us to examine the nucleotide sequences of five other enzymes in the folate pathway and thymine biosynthesis, as well as three N-acetyltransferase genes. To our surprise no mutations were identified in these eight genes.
Twenty-four distinct mutations were identified in the thyA gene, including 4 SNPs found uniquely in clinical isolates and 20 observed in the spontaneous mutants. A single polymor- phism ( 202 ACC3GCC), previously reported, was seen in clinical isolates and one spontaneous mutant (26) . The divergence in mutation type observed in clinical isolates and spontaneous mutants could result from experimental bias due to PAS r selection at elevated concentrations of PAS or to the limited number of PAS r isolates investigated. Alternatively, ThyA may not be an essential enzyme in vitro while assuming a more significant function in vivo. This could be due to a higher demand in vivo for thymine, lower availability of extracellular thymine, or even a functional difference in the complementary ThyX, which may require complementation for an active ThyA. The observation that nine of the spontaneous mutants encoded truncated ThyA proteins supports this notion; however, further work is needed to confirm this possibility. Other mutations in ThyA among the spontaneous mutants were found to be equally destabilizing. They include alterations affecting the substrate or cofactor binding site or the catalytic site or resulting in major structural changes as determined by analysis of predicted 3D-mutated ThyA.
The most prevalent mutation, 202 ACC3GCC, was found in spontaneous mutants and molecularly/epidemiologically unrelated clinical isolates (n ϭ 4), as well as in strain clusters belonging to P and AB genotypes. Sequence analysis of the P strain cluster isolates revealed that all resistant samples had the characteristic 202 ACC3GCC mutation and that 12 of them additionally included a stop codon, suggesting sequential acquisition. The deletion of the stop codon alone was not shown to be associated with PAS r , as no isolates with the obliterated 264 stop codon alone were identified. Structural predictions of the ThyA protein and literature review suggest that the carboxyl-terminal amino acid folds back into the catalytic groove of the enzyme and therefore may be functionally relevant.
Overall, protein structure modeling predicts that all 24 different mutations identified in the thyA gene map to essential amino acids affecting either the structure, the functional site (substrate, cofactor binding site, or catalytic site), or the dimer interface of the ThyA homodimer. Six mutations were found in key positions of spatial structure, radically altering the conformation of the enzyme. Seven of the mutations involved essential amino acids in close proximity to the catalytic site, including a PAS r spontaneous mutant with a single point mutation in amino acids of the catalytic site ( 261 V3G and 263 V3I) and mutant 127 R3L, encoding an amino acid substitution at the substrate dUMP binding site.
The observation that most mutants reported here affect highly conserved positions otherwise rarely found in the protein family of thymidylate synthase is noteworthy. Our results indicate that the observed mutations affect residues under strong functional selection that are uncommon in nature (Table 4). This detrimental alteration to ThyA is permissible in M. tuberculosis due to the presence of the complementary functional homologue ThyX. ThyX per se does not seem to be susceptible to PAS. This is further exemplified in the work of Rengarajan and colleagues, who have shown that the resistant phenotype of transposon-generated PAS r mutants could be Mutations in the thyA gene were associated with elevated levels of PAS resistance, as determined by dilution assays, Bactec/Alert susceptibility testing, and growth curve experiments. Interestingly, spontaneous mutants encoding a ThyA modification responded equally to increasing concentrations of PAS, while PAS r mutants encoding wild-type ThyA proved to be dose dependent. This observation indicates that the yet unidentified alternative mechanism(s) or target(s) associated with PAS r is concentration dependent. The observation that PAS is active only in the presence of a functional ThyA enzyme suggests that, like other antimycobacterials (isoniazid, ethionamide, and pyrizinamide), PAS is a prodrug whose activation somehow requires a viable ThyA, as was also previously proposed (26 
